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Abstract 
A novel type of dual circular polarizer is developed to convert the TE10 mode into two different 
polarization TE11 modes in a circular waveguide. This design consists two major parts: a TE10 to 
TE10/TE20 converter and an overmoded TE10/TE20 to circular TE11 modes converter.  
1. Introduction 
Cosmist microwave background (CMB) polarization experiment is required to understand the basics 
of early universe by using X band to W band microwave.  An orthomode transducer (OMT) attached to 
the horn antenna is used to separate two orthogonally polarized microwave signals into TE10 and TE01 
modes into two different rectangular waveguides.  To study the amplitudes and phase of these TE10 or 
TE01 modes, one can learn the RF characteristics of the emitters, such as planets. On the contrary, from 
the broadcast RF wave point of view, one can combine two TE10 modes in different rectangular 
waveguide into polarized modes in a circular waveguide. A klystron can deliver RF power in form of 
TE10 mode in a rectangular mode, it will be convenient for a converter to convert TE10 mode into two 
TE11 modes with 90 degree phase difference in a circular waveguide.  An orthmode transducer with four 
arm waveguides is recently introduced. This turnstile junction structure has four rectangular ports which 
support TE10 mode. On the top of this junction, there is a circular waveguide which outputs two circular 
polarized TE11 modes.  We want to design a converter which has two rectangular ports and one circular 
waveguide, and the input power from first rectangular waveguide will be split into two TE11 polarization 
modes with 90 degree in a circular waveguide. This combined signal is named right hand circular 
polarized.  While a signal received is right hand circular polarized, it would output solely to the second 
rectangular waveguide on the other side.  The diagram of power flow is illustrated in Fig.1. 
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Fig.1 : Demonstration design of circular polarizer and its power flow. 
 
2. Design concept 
This device has three physical ports but the circular waveport supports two polarizations, thus it is a 
four ports structure with a 4 by 4 scattering matrix.  To achieve the goal that we describe in the Fig.1, the 
targeted scattering matrix for these four modes should be the following: 
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When the RF power comes in from the port1 and splits equally into the mode 1 and the mode 2 in the 
third port, and those two modes have 90 degree phase difference.  If the RF power comes from port 2 and 
it will split equally into those two modes with 270 degree delay. However, when the power received from 
port 3 with two modes apart 180 degree phase difference will produce distribute the RF power equally on 
two rectangular ports.   
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However, the matrix above is oversimplified, one needs to cascade the phase shift matrix with the 
center scattering matrix and the phase shift matrix is based on the lengths of input and output arm 
waveguide. Thus, there is more general form of this 4 by 4 matrix, it is shown as following. 
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Where L1 , L2and L3 are the length of three arms and 1  2 and 3 are the propagation constants in 
each waveguide. In our case, 1  and 2 are the same. 
How does TE10 mode convert into a circular waveguide?  In Fig.2, a rectangular waveguide that 
supports TE10 mode, the field pattern shown that the H field is looping around in the longitude direction. 
This H field will be easily coupled to a TE11 mode in circular waveguide. Moreover, the rectangular 
waveguide also supports TE20 mode and the H field has two loops in the transverse direction.  This H 
field can easily couple to another polarization TE11 mode in the circular waveguide.   
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Fig. 2. Demonstration on vector magnetic field patterns of TE10 and TE20 in a rectangular waveguide 
and TE11 modes in a circular waveguide.  
To obtain a combination of these two scenarios simultaneously, an overmoded rectangular waveguide 
is utilized to flow TE10 and TE20 modes with equal power. If the coupling indexes to two TE11 modes 
are equal, the two TE11 modes have the same power. The phase delay of these two TE11 modes are 
determined by the phase delay of two modes in rectangular waveguide. Note, these two modes in 
rectangular waveguide have different propagation constants, meaning that the guided wavelengths of two 
rectangular modes are different.  With such consideration above, the center unit has three physical ports 
and each of ports supports two modes. Thus, the scattering matrix is expending into a 6-by-6 matrix and 
this unitary matrix is shown: 
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This matrix is unitary and 01 02 01 and 02 are optimization parameters.  One can simplify this 
matrix by equaling 01 and 02  and equaling 01 and 02 . 
The matrix is regressive to  
01-Cos[ ] - e -Cos[ ] + e Sin[ ]
0 0 0
2 2 2
-Cos[ ] - e -Cos[ ] + e Sin[ ]
0 0 0
2 2 2
-Cos[ ] + e -Cos[ ] - e Sin[ ]
0 0 0
2 2 2
-Cos[ ] + e -Cos[ ] - e Sin[ ]
0 0 0
2 2 2
Sin[ ] Sin[ ]
0 0 Cos[ ] 0
2 2
Sin[ ] Sin[ ]
0 0 0 Cos[
2 2
i i
i i
i i
i i
S
 
 
 
 
  
  
  
  
 

 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Because the modes in the port 1 and port 2 are isolated, in a steady state, there are two partial 
standing waves inside this center unit and the peak H field is at the center location where the circular 
waveguide are. For this reason, the first four number in the input and output vector of this matrix should 
have the same amplitude but 180 degree phase difference.  To satisfy this condition, the analytical 
solution is from Mathematica and shown in following: 
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This matrix has one degree of freedom .  If  is chosen as 0 degree, the matrix is further simplified: 
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To achieve this goal matrix, we implemented HFSS simulation to obtain the numerical solution.  
While a circular waveguide is required to only allow TE11 modes propagate at 11.424 Ghz, A wide 
rectangular waveguide is required to accommodate the TE10 and TE20 modes. TE10 and TE20 modes 
have different propagate constant in this waveguide. Simply, TE20 has two times propagation constant 
than that of TE10, and it means that in each TE10 wave package, there are two TE20 wave package if 
TE10 and TE20 are in phase.  This design and its E field pattern on the surface are illustrated in the Fig. 3.  
The scattering matrix is shown in table 1. 
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Fig.3:  This is the E field pattern on the mode converter. The input power on port1 is 1 W for 
TE10/TE20 modes. 
Port 1 and port 2 are TE10 and TE20 overmoded rectangular waveguide, and port3 are the circular 
waveguide. On the rectangular waveguide surface, E field pattern are combination of TE10 and TE20, 
and they are converted to two TE11 modes with different polarization with 90 degree phase difference at 
the bottom of the circular waveguide. Since the two TE11 have same field amplitude and 90 degree out of 
phase, the outcome of the port 3 reveals one TE11 rotating around the center. The max E field occurs at 
the bottom of the circular waveguide.  
Table.1: The scattering matrix of device in fig.3. Phase unit is degree. 
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It is necessary to convert TE10 into TE10 and TE20 overmoded with same and amplitude and 
arbitrary phase difference.  The general scattering matrix is shown and the simplified is following . 
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A numerical simulation in HFSS is implemented and the device is shown in the Fig.4.  
 
Fig.4. TE10 to TE10/TE20 converter and surface field pattern. The input power on WR 90 is 1 W. 
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The input port 1 supports the TE10 mode from RF source, and output E field pattern in port 2 is 
combination of TE10 and TE20 with 180 degree phase difference.  This converter starts with standard 
WR 90 rectangular waveguide for X band. First part of this converter is converting TE10 into TE10/TE20 
over modes, while the second part is tapered the rectangular waveguide into the proper geometry to 
connect the input and output of rectangular waveguide in the center unit in the Fig. 3.  Double arc 
structure is utilized in the both transverse direction.  The scattering matrix of this three ports system is 
following in table 2. 
Table.2: The scattering matrix of device in fig.4. Phase unit is degree.. 
 
3. Characteristic of the dual circular polarizer 
After combining a center overmoded converter and two TE10 convertor at each end, the full 
geometry is shown in Fig 5.  Final scattering matrix is shown in table.2.   
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Fig.5. Final assembly of directional TE10 to dual polarizing circular converter.  The input power on WR 
90 is 1 W. 
Table.2: The scattering matrix of device in fig.4. Units are decibel(dB) and degree. 
 
Considering the fact that there would be amplitude or phase errors in the circular output port, one 
ellipse converter is added to the output port of this converter to ensure two polarization TE11 modes have  
exact the same amplitude and 90 degree phase difference.    
A section of ellipse waveguide has two different propagation constants at each polarization.  For this 
reason, the two polarizations will generate a difference in phase delay which can compensate the phase 
difference from circular waveguide.  Moreover, the match cone from circular to ellipse waveguides also 
has difference reflection coefficients, and the output can be matched equally even the input modes have 
different amplitude. The shorter cone will generate more higher order modes, thus, longer cone is 
preferred.   This device has two exact two cones on the ends of the ellipse waveguide. There are three 
optimization parameters for a given set of amplitude and phase discrepancy and those three parameters 
are the lengths of cone and ellipse waveguide and the ellipse waveguide radius ratio. For our case, the 
design of ellipse converter is illustrated in Fig.6 and the scattering matrix is following in table 4. 
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Fig.6.   Ellipse converter and E field pattern on the surface. The power from input port (bottom) is 1 
W for each polarization, and two polarizations are 90 degree apart. 
Table.4: The scattering matrix of device in fig.6. Units are decibel(dB) and degree. 
 
If there is any amplitude or phase error due to the design or manufactory, this ellipse converter can be 
added to compensate either amplitude or phase. With the ellipse, the final design and E field on the 
surface are demonstrated in Fig.7. 
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Fig.7. Final assembly of directional TE10 to dual polarizing circular converter with the ellipse converter.  
The input power on WR 90 is 1 W. 
When the power input from one WR 90 rectangular waveguide is 1W, the max E field on the surface 
is around 7.4KV/m. If the input power is 50MW, the max E field on the surface is 52.3Mv/m. It is still 
less than the breakdown E field (~mV/m) for X band application. 
Table.5: The scattering matrix of the final convert with ellipse corrector. Units are decibel(dB) and degree. 
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4. Another version of simplified polarizer. 
A three ports converter in Fig. 7 has three physical ports, and there are two full standing wave  pattern 
between two shorted planes. We can make one of the rectangular ports shorted. In the shorted structure, 
there are also two standing wave pattern.  However, this design will only have two physical ports, and 
each physical port can support two modes. The two modes in the input port have two perfect matches 
with the modes in the circular output port respectively.  Such a device would have a scattering matrix as 
following. 
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Where 1  and 2 are the phase delay for TE10 and TE20 modes in this structure. 
This geometry can be also understood as a rectangular waveguide with one short end, and on the 
center top of the plane, there is a circular coupler to extract two polarization of TE11 mode. TE10 and 
TE20 are both trapped as standing wave and form TE010 and TE020 modes. The maximums H fields 
have the same magnitude and occur at the same location where the circular waveguide are. Our design 
goal is achieving maximum extraction and the extracted two polarizations have 90 degree phase delay and 
the same magnitude.  To realize that, TE10 and TE20 mode is matched individually. The distance from 
the center of circular waveguide to the short end for each mode may not be the same length. One fin 
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groove is added to match both TE10 and TE20 modes. For TE10 mode, the plane where the fin acts like 
short end to TE10, because TE10 is evanescent mode inside of the fin end. However TE20 can prorogate 
with little reflection in the fin area. Length of the fin is related to the difference of the TE10/TE20 
propagation constant. The design geometer of such rectangular to circular waveguide is given in Fig. 8.  
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Fig.8:  This is the E field pattern on the mode converter. a: TE10 converter;                       
    -                                                              . The input power on port1 is 1 W for 
TE10/TE20 modes individually.  
Similarly to Fig. 3, the output combination of circular waveguide is one TE11 mode rotating around 
the center axis. The 90 degree phase difference is adjustable by the input TE10 and TE20 phase difference. 
Each individual mode phase delay 1  and 2 in this converter add the input phase difference between 
TE10 and TE20 shall give a total phase difference, and that number can be adjusted to 90 degree for two 
polarizations.  The input TE10 and TE20 phase difference can be achieved by an additional length of 
overmoded rectangular waveguide in which TE10 and TE20 modes have difference propagation constants. 
The scattering matrix parameter is given in table 6. 
Table.6: The scattering matrix of device in fig.8. Units are decibel(dB) and degree. 
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The converter to convert TE10 to TE10/TE20 modes is firstly designed by Chris Nantista. However, 
we optimize it to address our application. A device in Fig. 7 can convert TE10 from one arm waveguide 
into TE10/TE20 combination modes in the center body without leakage to the other arm. The power from 
WR 90 input is equally splitted into TE10/TE20 modes in the over-moded waveguide in the center.  If 
circular waveguide is shorted, the power will output to the second arm without leakage to the first arm. 
This characteristic can be applied to an X band directional waveguide converter. The waveguide 
geometry and E field pattern on the surface are shown in Fig. 9, and followed by its scattering matrix in 
table 7. 
 
Fig.9:  This is the E field pattern on the mode converter. The input power on port1 is 1 W.  
Table.7: The scattering matrix of converter in fig.9. Units are decibel (dB) and degree. 
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By cascading these two structures, the second version of X-band dual polarization converter assembly 
is shown in the Fig. 10.  Similarly, when the power input from one WR 90 rectangular waveguide is 1W, 
the max E field on the surface is around 5000V/m. If the input power is 50MW, the max E field on the 
surface is 35MV/m. It is still less than the typical breakdown E field (200mV/m) for X band application.  
The geometry is shown in Fig. 10 and followed by a 44 scattering matrix in table 8.  
 
Fig.10. Final assembly of directional TE10 to dual polarizing circular converter and the complex E field 
magnitude is plotted. The input power on WR 90 is 1 W and max E field is 7.4 KV/m. 
Table.8: The scattering matrix of second version in fig.10. Units are decibel (dB) and degree. 
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5. Frequency response, Transient response and Thermal concern. 
5.1. Frequency response: 
Both versions of dual mode polarizers have broad operational frequency ranges. The scattering 
parameters as a function of frequency are scanned and illustrated in fig 11.  
From fig.12, even the amplitude of scattering parameters are acceptable within certain bandwidth, 
however the phase difference of two TE11 modes has broad bandwidth around 50MHz. This shall be 
overcome by the ellipse phase shifter in Fig 6.   
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Fig. 12. Frequency spectrum of the scattering parameter of the dual polarizers. 
The complex magnitude of E field over a RF cycle on the surface of two different versions polarizer 
with different frequencies are shown in fig. 13. 
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Fig 13. The magnitude of surface E field over a RF cycle is plotted on two versions of X band 
polarizers.  
5.2. Transient response: (don’t want to include, ask for opinions) 
An x band klystron usually gives a pulse with duration around 1.5 µs and a rising time of 15 ns. The 
main lobe of spectrum has a bandwidth of 1.3MHz, while the side lubes are spacing 0.7MHz apart. The 
spectrum is shown fig 13.  
 
Fig.13. Time domain and frequency spectrum from a square pulse from a klystron . 
Convoluted with the S3:1,1:1 and S3:2,1:1 in the frequency domain, a transient pulse responses of 
two different modes are obtained from this polarizer. The Responses to the pulse for each polarizer are 
given in fig. 14.  
 
Fig.14. Final assembly of directional TE10 to dual polarizing circular converter. The input power on WR 
90 is 1 W and max E field is 7.4 KV/m. 
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Note, if polarizers received a dual circular polarized pulse from the circular waveguide,  the output on 
port 3 should be the same as shown in fig. 14.  
 
5.3. Thermal concern: 
These two converters are designed to deliver multi-megawatts RF power into dual polarization TE11 
modes. Thus, the power loss on the surface can be non-trivial and required consideration.  Water cooling 
pipes are considered to keep the whole system exterior around room temperature. Fig 15 below shows the 
power loss maps of each system under the condition that input power is 1 W.  
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Fig. 15. Snapshot on surface RF loss distribution in a RF cycle for each version of the dual polarizers. 
The main RF power loss concentrates on bottom of the circular waveguide, even though there is ring 
chamfer in order to reduce the local H field. The integration RF losses over a RF cycle for each system 
from fig 15 are 0.0117W and 0.0108W respectively when the input power is 1W.  The total loss of these 
two device is around 1% input RF power.  Temperature dependency of copper electric conductivity will 
be including in future study.  
 
6. Conclusion 
We present two X band novel dual circular polarization over-moded converter. The design used all 
simple shapes and it will be easy to manufacture. This polarizer can be utilized for several of motivations, 
including detector of CMB, high power RF load and RF power compressor.   
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Table 5 
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